Within the last decade, active research on circular RNAs (circRNAs) has dramatically improved our understanding of the expression and function of these non-coding RNAs. While several mechanisms for circRNA function have been proposed, including sequestration of microRNAs and regulation of cellular proteins, studies provide evidence that circRNAs can regulate transcription and may also serve as biomarkers. Due to the heterogeneous nature of the brain, and the dynamic transcriptional mechanisms that support neurobiological pathways, the influence of circRNAs is potentially extensive. Understanding how circRNAs contribute to key neurological pathways will fill gaps in our understanding of brain function and provide valuable insight into novel therapeutic approaches to treat neurological diseases. Here, we review recent research on circRNA expression in the brain, describe the proposed functions of circRNAs, and evaluate the role of circRNAs in neurological diseases.
An overview of circRNAs
The growth of biotechnology has facilitated new discoveries in transcriptomics and RNA biology. Over the past few decades, our awareness of the complexities of RNAs and transcriptional regulation has expanded significantly, first with the identification of microRNAs (miRs) and piwi RNAs and more recently with a newly recognized class of non-coding RNAs (ncRNA) known as circular RNAs (circRNAs). Although these species were originally described in the 1970s [1] and again decades later [2] [3] [4] , research in the past decade has greatly improved our understanding of circRNA features and functions. Here, we first provide an overview on what is currently understood about circRNAs followed by a discussion on circRNA expression and function in the brain.
CircRNAs are different from other non-coding RNAs due to their circular secondary structure, which is created by the back-splicing of a single-stranded linear transcript and the formation of a covalent bond. The outcome is an enclosed non-polyadenylated circular transcript [5, 6] . As a result, circRNAs are estimated to be 2.5 to 5 times more stable than linear transcripts due to the absence of exposed ends that may be targeted by 3′ or 5' exoribonucleases [2, [7] [8] [9] [10] . In eukaryotes, the lengths of circRNAs are heterogeneous, ranging from approximately 100 to 4000 base pairs long [11, 12] , and are estimated to include 0.1-10% as many molecules as linear transcripts [8, 11] . CircRNA sequences are also well conserved across the mouse, rat, and human genomes [10, 13] , and as well as between humans and primates [14] .
CircRNA biogenesis
Multiple mechanisms have been proposed for circRNA biogenesis. These models propose that circRNAs form during RNA splicing, and include spliceosome-mediated backsplicing [11, 15] , spliceosomemediated intronic circularization [16, 17] , and exon skipping, driven by lariat or intron-pairing mechanisms [18] . Although circRNAs contain primarily exonic sequences [6, 19] , they may also contain non-coding sequences, including those derived from antisense strands, introns, untranslated sequences, and intergenic regions [6, 20] , whereas intronic RNA lariats are formed by intronic circularization. Also, in silico analysis of read directionality from paired-end sequencing data from the Encyclopedia of DNA Elements (ENCODE) Consortium shows that most circRNAs are transcribed from the same strand as their linear counterparts [8] . This finding was validated in Drosophila [21] , whereby biogenesis of circRNAs competes with pre-mRNA splicing and whereby the rate of circRNAs synthesis is heavily influenced by flanking introns. However, although circRNAs and linear RNAs have common junction sequences when they are derived from the same host gene, they may have different exon and intron compositions [8] ; this feature enables the formation of a potentially diverse circRNA repertoire for individual genes.
CircRNAs and host gene expression
Multiple studies on mammalian cells have reported an inverse relationship between the abundance of circRNAs and their respective linear mRNAs [6, 13, [21] [22] [23] , potentially due to competition from concurrent transcription. This correlation was also observed in the aging mouse brain, for which elevated circRNA expression was observed alongside low linear mRNA expression [24] . On the other hand, a positive correlation was observed for brain circRNAs and their corresponding linear transcripts during neuronal differentiation [13] . However, in rhesus macaque brains, approximately 80% of identified circRNAs showed no correlation with host gene expression to provide evidence of the complexity of competitive and cooperative expression between circRNAs and linear mRNAs [14] . The relationship between circRNA and linear transcript expression is also cell-specific [8] , and cellular metabolic demands may influence circRNA expression. Given the energetic needs of the brain, it is likely that circRNAs regulate the function of healthy brains and thus may have roles in diseases of the brain. In this review, we will discuss recent insights into the role of circRNAs in the brain with respect to expression levels, putative functions, and roles in neurological diseases.
CircRNA expression in the brain
Recent studies have reported preferential back-splicing of neural genes and increased expression of circRNAs in the mammalian brain compared to other tissues [10, 13, 25] . Analysis of human and mouse neuronal cell lines, as well as ENCODE datasets, identified more circRNAs in the mammalian brain compared to other tissues, including the lungs, heart, kidney, testis and spleen, such that 20% of the protein coding genes in the brain produced circRNAs [10] . In a separate landscape analysis of clinically-relevant tissues from a single human donor, 339 circRNAs were identified in the cerebral cortex, with 141 being unique to the cortex compared to 19 other tissues [26] . Several of these circRNAs are derived from host genes that regulate brain function. These genes include neurotrophic receptor tyrosine kinase 2 (NTRK2), reticulon 4 (RTN4), and homer scaffold protein 1 (HOMER1) [26] . NTRK2 encodes a membrane receptor that binds brain-derived neurotrophic factor (BDNF), which regulates neuronal morphology, synaptic plasticity [27] , and the synaptic dysfunction of striatal neurons in Huntington's disease [28] . RTN4 encodes an inhibitor of axonal sprouting and regulates disease progression in an amyloid precursor protein (APP)-expressing transgenic mouse model of Alzheimer's disease (AD) [29] . Lastly, HOMER1, which encodes a post-synaptic density (PSD) protein, regulates neuronal survival following injury [30] and in AD [31] . Fig. 1 summarizes the landscape of circRNA expression in the human brain based on tissue analyses [12, 13, 25, 32] .
CircRNA expression during brain development and aging
Brain circRNA expression levels are altered in development and aging. During embryonic development [25] and in the developing human foetal neocortex [33] , over 6,000 total circRNAs were detected during the early and late stages of gestation, with 39% of genes expressing linear transcripts also expressing circRNAs [33] . Furthermore, 89,137 circRNAs were found in the human foetal brain, compared to less than 13,400 circRNAs identified in other foetal tissue types and compared to 65,731 circRNAs in the adult human brain [13] , suggesting that circRNAs may have a significant role in the developing brain [19] . Differences in circRNA expression have also been observed in the brains of adult (10 years old; n = 4, two females and two males) and aged (20 years old; n = 4, two females and two males) rhesus macaques [14] . From analysis of eight brain regions including the prefrontal cortex, posterior cingulate cortex, temporal cortex, parietal cortex, occipital cortex, hippocampus, dentate gyrus, and cerebellum, 17,050 circRNAs were identified. Of these, 3% were found to be agingrelated based on differential expression between adult and aged brains. In addition to age-specific expression, gender-specific expression changes was also observed with the expression of circRNAs derived from male-specific host genes including circCD99 [34] , circPREX1, and circTSPAN15 [35] . Additional gender-specific circRNAs included circEFCAB2 for males and circPCTP and circZNF484 for females.
In other species, 4,634 unique circRNAs have been identified in the porcine embryonic brain, with 20% of the splice sites involved in circRNA biogenesis being conserved in mice and humans [36] . Although as of yet, circRNAs have not been reported to be profiled in other porcine tissues or in the adult porcine brain, regulated patterns of circRNA expression were identified in the fetal porcine brain, with elevated circRNA abundance occurring in the cortex at day 60 of gestation [36] . A similar regulated pattern was also observed with aging in Drosophila heads for which there was an age-associated increase in the expression of over 250 circRNAs [37] . Similarly, elevated and dynamic expression of circRNAs has been observed during neuronal differentiation in human forebrain neuron progenitor cells [38] . Along these lines, with the role of senescence in aging pathways, the circRNA circPVT1 was found to be required for the expression of proteins that prevent senescence [39] to suggest a possible regulatory role of this circRNA in aging processes. These reports of evolutionarily conserved, dynamically regulated circRNA expression levels in the brain suggest that circRNAs are important for brain development, possibly with respect to formation of neural structures and cell growth and distribution, and as well as aging and normal brain functions by way of intricate transcriptional programs.
Cell-specificity of circRNA expression
While more research is necessary, circRNAs have demonstrated variable expression in different brain cell types. We previously described the expression of 4,438 circRNAs in posterior cingulate astrocytes in the brains of elderly subjects [32] . In silico analysis revealed that these circRNAs are derived from host genes that are involved with regulating immune function, a known role of astrocytes. In a separate study, a similar number of unique circRNAs was identified in primary mouse cortical neurons (n = 5,265), with 797 demonstrating decreased expression and 1,926 demonstrating increased expression during neuronal maturation [13] . The magnitude of circRNA up-regulation was lower in cultures containing large numbers of glial cells, suggesting that the observed up-regulation may be specific to neurons [13] , or may be associated with neuron-neuron interactions. In other analyses, the ratio of circRNA expression levels to the levels of the corresponding linear transcript, as well as splice donor and acceptor usage, have been reported to be cell-specific [8, 15, 40] . However, circRNA expression was found to not be more cell-specific than expression of the corresponding linear transcript [41] .
Neuronal studies further show specificity of circRNA expression in cellular compartments unique to this cell type. In synaptosomes and microdissected neuropil from mouse hippocampal slices, enrichment of circRNAs relative to host gene linear transcripts has been observed [10] , however analyses in other brain regions are needed to determine if this relationship expands beyond the hippocampus. Furthermore, circRNAs have been identified in subcellular compartments including the cell body and dendrites [10] , or more broadly in the cytoplasm [6, 42] . This finding is not surprising given local and activity-dependent translation of mRNA in neurons and the potential role that circRNAs may have in regulating or influencing mRNA levels.
CircRNAs may also regulate the formation of neuron-specific subcellular structures. In murine hippocampal neurons, a postnatal shift in circRNA expression, independent of expression of host transcripts, was observed with the onset of synaptogenesis [10] . During this transition, expression of circRNAs derived from host genes encoding synaptic function proteins such as DLG associated protein 1 (Dlgap1), K(lysine) acetyltransferase 6B (Myst4), and kelch like family member 2 (Klhl2) were found to be up-regulated [10] . For Dlgap1, circRNA expression increased 20 fold between embryonic and post-natal stages, while only a 4 fold increase was observed for Dlgap1 mRNA. On the other hand, Myst4 and Klhl2 circRNAs demonstrated increased expression during development alongside decreased expression of their respective host mRNAs.
CircRNA expression outside of the brain
CircRNAs are also found outside the brain. They have been detected in heart, colon, kidney, liver, lung, and glandular tissues such as the adrenal gland, mammary gland, pancreas and thyroid gland (Fig. 2 ) [12, 19, 26, 43, 44] . Additionally, extracellular fluids such as plasma and serum contain circRNAs [12] (Fig. 2) . Across tissue types, the number of circRNAs detected ranges from 57 in plasma [26] to 21,536 in the liver [19] . In comparison, in the adult human brain, anywhere from 6,289 to 38,983 circRNAs have been reported, highlighting the variability in circRNA expression across organs. Across all studies, both unique, tissue-specific circRNAs, and as well as common circRNAs, were identified with 33 ubiquitously expressed circRNAs identified in one tissue landscape analysis [44] . This study additionally observed that 36%-50% of circRNAs identified in each tissue were specific to that tissue, and that fetal tissue displayed up-regulated expression of circRNAs compared to adult tissue.
The spectrum of circRNA functions
Given the high abundance of circRNAs in the mammalian brain, circRNAs may play important roles in healthy brain function, aging, and neurological disease. Because they are found in synaptosomes, circRNAs may have roles in synaptic functions, or may be released into the synaptic cleft, possibly through vesicles, to influence neighbouring cells [45] . Further, both up-regulation and down-regulation of circRNA expression, without changes in host linear transcript expression, occurs in hippocampal neurons following excitatory neural activity [10] . Thus, circRNAs expression may have roles in healthy brain function, particularly learning and memory, due to their localization to synapses and their observed changes at excitatory synapses. Here we describe known and proposed molecular mechanisms for circRNA functions in the brain.
Transcriptional regulation
The most frequently reported functions of circRNAs are binding and sequestering miRs [20, 46] , thereby acting as "miR sponges". Of note, in silico analyses suggest that circRNAs do not bind miRs or RNA binding proteins (RBPs) more efficiently than long non-coding RNAs [20, 46] to suggest that any binding competition may not be influenced by differences in binding capacity. Despite these findings, experimental evidence shows that circRNAs regulate miR activity. For example, the circRNA sponge for miR-7 (CDR1as, or ciRS-7), which is elevated in the mammalian brain, is a known miR regulator [10, 41] . Using photoactivatable-ribonucleoside-enhanced crosslinking, immuno-precipitation, and miRNA seed matching analyses, CDR1as was observed to harbour over 70 binding sites for the miR-7 effector protein argonaute (AGO), and may bind up to 20,000 miR-7 transcripts per cell [20, 46, 47] . Notably, the interaction between CDR1as and miR-7 has been proposed to be brain-specific and both are co-expressed in the mesencephalon [20] . Further, overexpression of CDR1as in zebrafish decreased midbrain size, while CDR1as knockout down-regulated miR-7 targets in HEK293 cells [20] .
In the context of brain aging, Xu et al. reported expression of specific circRNAs involved in aging processes with evidence of circRNA transcriptional regulation in rhesus macaques [14] . Seventy-three percent of circRNAs derived from host genes involved in calcium homeostasis and synaptic plasticity functions demonstrated aging-specific differential expression. Deeper investigation led to the observation that knocking down expression of two highly expressed circRNAs whose host genes are involved in calcium signalling (circ-CACNA2D1 [L-type Ca2+ channel], circ-CACNA1E [R-type Ca2+ channel]) resulted in increased expression of the respective calcium channel genes in cultured rhesus macaque hippocampal neurons to suggest that the circRNAs may directly regulate mRNAs. Due to the central role of calcium signalling in neuronal function, circRNA regulation of calcium signalling gene expression may significantly impact both normal brain functions and as well as aging processes. Such findings provide further credence towards circRNA transcriptional regulation and the potential role of circRNAs in the aging brain.
In other studies, the molecular mechanisms linking other circRNAs to transcriptional regulation are less clear. For instance, circRNAs Fig. 1 . CircRNA expression in adult human brain tissue. Left plot: total number of circRNAs detected that demonstrated greater expression than their mRNA counterparts (> 50% reads supporting circRNAs, P < 0.05) [25] . Right plot: total number of circRNAs detected. Data for the cerebellum were derived from two studies, and the median number of circRNAs is shown. *For the posterior cingulate (PC), the number of circRNAs identified in astrocytes is shown [32] . Evaluation of the number of circRNAs with greater expression than their mRNA counterparts was not performed for the PC data set. Diencephalon (DE) [12, 13, 25] ; cerebellum (CB) [13, 25] ; temporal lobe (TL) [13, 25] ; occipital lobe (OL) [13, 25] ; parietal lobe (PL) [13, 25] ; frontal cortex (FC) [13, 25] . encoded in the sex-determining region Y gene (circSRY) [41, 46] and the E3 ubiquitin-protein ligase gene (ciR-ITCH) [41, 46] , as well as circ-001569 [48] , and circRNA-CER [49] , have been shown to bind miRs to provide evidence that they may act as "miR sponges." However, it is not clear if such interactions impact transcriptional regulation. Despite this gap, these circRNAs have been found to impact multiple pathways including chondrocyte extracellular matrix degradation [49] , cell proliferation and invasion in colorectal cancer [48] , and the Wnt/Betacatenin pathway in cancers [50, 51] .
Multiple mechanisms have been proposed for circRNA function independent of miR or mRNA regulation. Possible mechanisms supported by experimental data include binding and regulating RNA polymerase II (Pol II) in the nucleus [16, 22] , binding small nuclear ribonucleoprotein complexes to up-regulate transcription of specific genes [22, 52] , and enabling the formation of a diverse set of transcripts during circRNA back-splicing [21] [22] [23] 53] . Based on demonstrated interactions between circRNAs and Pol II, circRNAs may also bind proteins outside the transcriptional machinery to regulate other cellular functions. For example, intronic circRNAs were found to bind and sequester TDP-43, a protein that accumulates in degenerating motor neurons in amyotrophic lateral sclerosis, to prevent the pathogenic effects of TDP-43 aggregation [54] . As circRNAs have been identified in various subcellular compartments, it has been theorized that circRNAs may bind RBPs to reach their destination in the cell [55] , or they may help to organize RNA-protein complexes [13, 55] . In addition, the circRNA circFoxo3 has been found to bind and sequester stress proteins in the cytoplasm to influence senescence and stress pathways [56] . Lastly, as circRNAs have been reported to be co-expressed alongside linear transcripts, their transcription alone may introduce competition and suppress the formation of mRNAs from the respective host gene.
CircRNA translation
One controversial potential mechanism of circRNA function is through direct protein translation of the circRNA. Evaluation of rat brains revealed that no ribosomal-bound RNA sequences mapped to circRNA junctions and polysome profiling of mouse brains revealed that circRNAs were depleted in ribosome/polysome-bound fractions and enriched in non-ribosomal RNA fractions [10] . Similarly, analysis of human fibroblasts revealed that exonic circRNAs containing the translation start site sequence did not bind ribosomes or polysomes, suggesting that exonic circRNAs are not translated [6] . Also, in silico analysis of RNAseq data from a human osteosarcoma cell line showed that ribosome-protected fragments did not align to circRNA junctions [41] . Despite these findings, evidence for circRNA translation has been observed in HEK293 cells [57] , E. coli [58] , and HeLa cells [59] . In the latter two studies, circRNAs were synthesized with an infinite open reading frame and resulted in the translation of proteins. The E. coli study further revealed that the synthesized circRNA generated more protein compared to its linear counterpart by two orders of magnitude [58] . While more evidence of circRNA translation is needed, it remains a possibility that translation may occur despite the absence of a cap and internal ribosome entry site [60] , creating a putative non-canonical mechanism for circRNA translation. Although evidence for circRNA translation has yet to be demonstrated in the mammalian brain, given the localization of circRNAs to synapses and activity-dependent translation that occurs at that location, the occurrence of such processing remains a possibility.
CircRNAs in neurological diseases and conditions
Additional studies using animal models and human tissues support a role for circRNAs in neurological disease. For instance, the circRNA Fig. 2 . CircRNA expression in adult human non-brain tissues. Shown are the total numbers of circRNAs reported for each tissue using data from the indicated studies [12, 19, 26, 43, 44] .
CDR1as may play roles in neuropsychiatric and neurodegenerative diseases, and as well as in brain tumours. In a recent study, Piwecka et al. showed that Cdr1as knockout mice display behavioural phenotypes associated with neuropsychiatric disorders [84] . Furthermore, the expression of CDR1as was reduced in hippocampal CA1 samples from sporadic AD patients compared to controls [85] . This reduction in CDR1as levels was hypothesized to increase miR-7 levels and reduce expression of miR-7 targets such as ubiquitin protein ligase A (UBE2A), which is involved in clearing amyloid in AD brains [86] . In further support of a role for CDR1as in AD, in vitro analysis showed that CDR1as, or ciRS-7, drives degradation of APP and beta-secretase 1 (BACE1), and that APP decreases expression of CDR1as [87] . While miR-7 was not specifically evaluated in this study, miR-7 regulation by CDR1as may have roles in other neurological diseases. For instance, miR-7 has been suggested to play a role in Parkinson's disease by decreasing expression of alpha-synuclein [88] , and miR-7 was reported to suppress glioblastoma growth by regulating the PI3K/ATK and Raf/ MEK/ERK pathways [89] . However, the role of circRNAs in glioblastoma is further complicated by evidence showing decreased circRNA expression in human glioblastoma compared to healthy controls [90] . Lastly, in multiple system atrophy, another alpha-synucleinopathy for which alpha-synuclein accumulates in oligodendrocytes, RNAseq analysis of the frontal cortex revealed five differentially expressed circRNAs that were not coupled to expression changes in the linear host transcript [91] . These circRNAs were derived from the IQ motif containing K (IQCK), mitogen-activated protein kinase kinase kinase kinase 3 (MAP4K3), EF-hand calcium binding domain 11 (EFCAB11), dystrobrevin alpha (DTNA), and multiple C2 and transmembrane domain containing 1 (MCTP1) host genes, all of which may be associated with neural processes or conditions [91] .
In addition to CDR1as, other circRNAs have been reported to be associated with AD. Huang et al. used microarray technology to identify circRNA expression changes in the hippocampus of five-and tenmonth-old senescence-accelerated mice P8 (SAMP8) mice, an AD mouse model [92] . Through this analysis, they identified over 300 dysregulated circRNAs and also identified the mmu_circRNA_017963 circRNA, which is involved in multiple processes including apoptosis and synaptic function [92] . Microarray technology was also used in a separate study to simultaneously characterize circRNAs, miRs, and mRNAs in the hippocampus of an AD rat model [93] . In this study, 555 circRNAs were identified and potential regulatory networks constructed using the identified circRNAs, miRs, and mRNAs, were used to create a mechanistic model for AD pathogenesis in the hippocampus. Although these investigations were performed in AD models and human tissue evaluation is still needed, they are the first to describe hippocampal circRNA changes in AD, and thereby establishes a framework for interpreting the impact of circRNAs in AD.
Another circRNA with a possible role in brain function and neurological disease is circHomer1. In one study, circHomer1 expression was elevated after synaptic plasticity induction in primary hippocampal neurons [10] . Since circRNA transcription may compete for transcription with host gene mRNA, over-expression of circHomer1 may decrease expression of Homer 1b/c, whose expression normally inhibits plasticity [10, 94] . With this loss of function, circHomer1 may putatively facilitate synaptic plasticity. Also, in rat cortical neuron cultures, knockdown of Homer1b/c expression decreased apoptosis following neuronal injury [30] . Thus, expression of circHomer1 and its impact on Homer1b/c expression may influence plasticity and neuroprotective mechanisms.
CircRNAs as neurological disease biomarkers
CircRNAs are promising biomarkers due to their stability, cell-specific expression patterns, and capacity for conditional expression [61] . CircRNAs have been identified in various biofluids that may be collected non-invasively, including blood [12, [62] [63] [64] [65] [66] [67] [68] , saliva [69, 70] , and plasma [71] , and are also present in exosomes [72] [73] [74] . Therefore, they have been proposed to serve as biomarkers for multiple illnesses including lupus erythematosus [71] , tuberculosis [63] [64] [65] , rheumatoid arthritis [66] , diabetes [67, 68, 75] , and cancer [67, 68, 75] . Additionally, analysis of peripheral blood mononuclear cells in patients with major depressive disorder revealed differential expression of has_circRNA_103636 following an eight week antidepressant treatment regimen, suggesting that this circRNA could be a treatment biomarker [76] . Aside from this study, the potential uses of circRNAs as biomarkers in neurological diseases have not been well explored. Identifying biomarkers of brain disease is important due to the inaccessibility of brain tissue for biopsy. The potential for development of circRNA biomarkers for neurological disease is also compelling due to the presence of the blood-brain barrier, which regulates the movement of molecules between the peripheral circulation and the brain. In a disease state such as in AD, stroke, and ALS, the blood-brain barrier may be compromised [77] [78] [79] [80] [81] [82] , thereby enabling free circRNAs or exosomeencapsulated circRNAs [83] to escape from the brain and be detected peripherally. Thus, brain-specific circRNAs may be released into the circulation during neurological disease. As a result, it may be possible to correlate the blood levels of these circRNAs with disease progression or response to treatment.
Future directions in circRNA research
Studies in the past few years have significantly increased our understanding of circRNA expression and function. Technical advances, such as the development of RNAseq and the creation of bioinformatics approaches to detect circRNAs, have significantly facilitated these discoveries. Opportunities for further investigation include analysing human samples to identify circRNAs associated with neurological disease and performing functional experiments, such as through knockdown of expression of specific circRNAs, to determine how circRNAs regulate cellular pathways. It will also be important to determine if RNA modification of circRNAs occurs and how such features may impact circRNA function, and to develop new bioinformatics approaches since existing algorithms are based on currently known models of molecular mechanisms, and such models may change over time. For example, it is possible that circRNAs biogenesis does not universally follow canonical splicing principles such that existing bioinformatics algorithms for circRNA detection would need to be revised. Continued exploration into circRNAs will help us to better understand the heterogeneous and dynamic aspects of brain function and design new strategies for treating neurological disease.
